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Experimental Particle Physics

= Detect particle interactions

CMS Preliminary
L

o8
-

3L o oesan 4 and compare to Standard
o m,=126 GeV Vs=7TeV:L=511" =
225:_ 7v* 77 Vs=8TeV:L=19.6 b _: MOde‘
{2 - o B z+X -
o 20 || - ® Black dots: measurement
Y E ] @ Blue shape: simulation of
: . g Standard Model
10F g1 n, B ® Red shape: simulation of new
SE ) 1t ) ) iRl % E theory (in this case the Higgs)
g it MR ) ||
0 80 100 200 300 400 600 800
m,, [GeV]

One of the Higgs Discovery Plot:
Higgs Simulation is RED
a¢ Fermilab
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Introduction Movie

Introduction movie to LHC/CMS computing: http://cds.cern.ch/record/15418937?In=en
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http://cds.cern.ch/record/1541893?ln=en

Detector Example - Compact Muon Solenoid (CMS)

CMS DETECTOR STEEL RETURN YOKE » Detector built arouna
Total weight : 14,000 tonnes 12,500 tonnes SILICON TRACKERS . .
Overall diameter : 15.0m Pixel (100x150 pm) ~16m* ~66M channels C O ‘ ‘ I S | O ﬂ p O q t

Overall length : 28.7 m Microstrips (80x180 um) ~200m?* ~9.6M channels

Magnetic field :3.8T

SUPERCONDUCTING SOLENOID ® One of four detectors at the LHC

Niobium titanium coil carrying ~18,000A

MUON CHAMBERS

{ o : Barrel: 250 Drift Tube, 480 Resistive Plate Chambers u q e C O rd S 'ﬂ I g ht p at h a n d
SN

Endcaps: 468 Cathode Strip, 432 Resistive Plate Chambers .
~_ energy of all particles
~ /J PRESHOWER oroduced in a collision
i

. Silicon strips ~16m?* ~137,000 channels
//.'- \ Vi /'A
," : > | 1 "v
| S |

~

sens s 20cnmes 100 Million individual
measurements (channels)

® Grouped by detector
component

CRYSTAL
ELECTROMAGNETIC

CALORIMETER (ECAL)
~76,000 scintillating PbWO, crystals

= All measurements of a
collision together are
called: event

HADRON CALORIMETER (HCAL)
Brass + Plastic scintillator ~7,000 channels

2= Fermilab
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CMS,

Science Potential

= | HC collaborations are
measured in thousands of

CMS Experiment at the LHC, CERN
Data recorded: 2012-May-27 23:35:47.279930 GMT

7 | [ |
Run/Event: 195099 / 137440354 p ‘ IyS | C | StS

' 2%
W .-,

e

» Collaborations are
investigating many topics In
parallel and release ~hundred
oublications per year

* Each analysis topic needs to
look at the data in its individual
way

2= Fermilab
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The Scientific Process in HEP

Software
&
Trigger Computing

Science

Device

2= Fermilab
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Software & Computing

Device

RAW Algorithms to RECO

| reconstruct
Data data Data

Simulation

» Detector signals (and equivalent simulated signals) need to be

reconstructed to learn about the particles that produced them
a¢ Fermilab
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Software & Computing

Central Chaotic

« Central: organized processing/production, one software stack/framework per experiment (C++), one or few output sets, shared by large parts of
the experiments for analysis

= Chaotic: smaller groups down to individuals explore the data for analysis, individually implemented analysis code, because of data volumes
requires data reduction to keep notion of interactivity

2= Fermilab
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HEP event processing application

 HEP computing problem: HTC (High
Throughput Computing)

@ [rivially parallelizable

g HNL N e s - Individual applications access input
ey ) | T data and produce output data
secromgnasc (W) T ® Input never never changed
Calotmatar Suparconducting w@m@t@m@k@ﬁm@ ® New information is generated and stored in output
with miwon chambens ® |nput information copied forward or discarded

Electron

Charged hadron (e.g. pion)

R * Highest efficiency application: single
thread executable

e Nowadays memory limits per core require multi-
threaded applications (4-8 standard)

* Reconstructed event properties
are used for analysis

2= Fermilab
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The files and file content: The Event Data Model (EDM)

» Software: Objec

-Oriented Framework

® Data stored as obj

* EDM: C++ type-

ects in memory

safe container called edm::Event.

® Any C++ class can be placed in an Event, there is no requirement on inheritance
from a common base class

® Holds all data of an event, RAW or simulated data and reconstructed data products

® Contains metadata describing
e Configuration of the software
e Conditions and calibration data identification

* The Event data is output to files browsable by ROOT. The event can

be analyzed with ROOT and used as an n-tuple for final analysis.

* Products in an Event are stored In separate containers

® Collect particular types of data separately
* particle containers (one per particle), hit containers (one per subdetector), etc.

12 Oliver Gutsche | DOMA workshop

- HEP Data Management Introduction

Files |

e Y B Draw Option:

Run;1

Event;1

E}---ﬂlnfo.

3% Info.startTime
3% Info.stopTime

- +-3% Info.duration

- MlInfo.seedStateAtStart
+- AlPrimary.

+- #Eloss.

- I PrimaryFirstHit.

- M| PrimaryLastHit.

- M TunnelHit.

- M Trajectory.

= A Histos.

- #Histos.TObject

----- }_{I Histos.histogramsiD
Ml Histos.histograms2D
----- &I Sampler_d1.

----- ,I_’:J Sampler_fq1.

----- ﬁl Sampler_d2.

----- ﬂ Sampler_dq1.

----- ﬁl Sampler_d3.

----- ﬂ Sampler_di_1.

- #Sampler_fq1_1.

----- ﬂ Sampler_d2_1.

- #Sampler_dq1_1.

- ] Sampler_d3_1.

https://root.cern.ch/input-and-output
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https://root.cern.ch/input-and-output

Data Organization and Workflows

» Data Workflows:

® Reconstruction: input RAW, output AOD/MINIAOD
® produce MINIAOD: input AOD, output MINIAOD

e AOD analysis: input AOD, output NTuple

e MINIAOD analysis: input MINIAOD, output NTuple
® User Analysis: input NTuple, output plots, tables

= Simulation Workflows

® Generation: input nothing, output GEN
® Simulation: input GEN, output GEN-SIM

® Digitization/Reconstruction: input GEN-SIM, output
AODSIM/MINIAODSIM

13

* Digitization

reads one to hundreds of additional

events from secondary files
® produce MINIAODSIM: input AODSIM, output

MINIAODSIM
e AODSIM ana

ysis: input AODSIM, output NTuple

e MINIAODSIM
NTuple

analysis: input MINIAODSIM, output

® User Analysis: input NTuple, output plots, tables

Oliver Gutsche | DOMA workshop - HEP Data Management Introduction

= Data Tiers
® RAW: RAW detector data
® RECO: Reconstructed Information
® AOD: Analysis Object Data, subset of RECO
® MINIAOD: Slimmed subset of AOD

» Simulation Data Tiers
® GEN: event generator

N-SIM: simulated information

® GEN-SIM-RECO: reconstructed information of
simulation

® AODSIM
® MINIAODSIM

» Special files with flat structure (no

classes)
® NTuples (favorite for analysis)

®
()
M M

2= Fermilab
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Computing Infrastructure for CMS
"'... .w::" ..,“.:_: | -

= Over 70 sites world-wide '

® ~150,000 cores
® ~/5 Petabyte Disk
® ~100 PB used tape space

& Fermilab
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High Throughput Computing - Local Computing Resources

» Applications get scheduled by
batch system in parallel on
avallable resources

Tape System

» Access data from Mass Storage

Mass Storage System System
® EOS, dCache, HDFS, Lustre, Ceph, ...

» Qutput is written back to Mass

Storage System
Batch System

* Tape Is used for longterm
archival

2= Fermilab
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The sites, the transfers and the access methods

* Flles are grouped In datasets
® Datasets have same physics content (trigger or simulated collision type)

» Datasets are distributed across disk at all the sites automatically

® Balanced and replicated according to popularity ( the more in demand a dataset
IS, the more popular it is, the more it is replicated at different sites) =» more
resources for more popular datasets

» Jobs are sent to sites which hold input dataset

= Additional access method: data federation

® Xrootd based data federation can discover files stored at all sites and stream file
content over WAN (EDM optimized tor WAN access with file content caching,
etc.)

2= Fermilab
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Network access to distributed computing resources

* CE: Compute Element

® X509 certificate authenticated

Xrootd
access to batch system
Mass Storage System

SE » SE: Storage Element

® X509 certificate authenticated
access to storage system (copy to
site and retrieval from site)

Batch System

= Xrootd: streaming service

CE ® Direct access to files stored at site
from remote applications

2= Fermilab
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Compact Muon Solenoid

vian 3500: FNAL Primary  30G

Current layout
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Distributed Infrastructure
|  Transfer systernr
Site A o Tracks file locations at sites (replica db)
V , ® |nitiates transfers of files between sites
« FTS

® Handles the actual file transfers
® Uses protocols like GridFTP and others
® Has queueing, bandwidth scheduling and retry logics

* Metadata catalog
® Stores metadata of files

v | ® Access to replica db and metadata catalog
® Place to find information and location of data (both for users and
automated systems)

2= Fermilab
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CMS Transfer system - Dynamic Data Management

CMS PhEDEX - Transfer Rate
684 Weeks from Week 39 of 2004 to Week 46 of 2017

'a_j'mooo? T T T T T T T T T T
— [ Overall transfer volume
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- i
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=
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Time
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@Normalized site usage

Absol da . = Quota Deletad (453 TB) Kept n prévicus cycle

O SoRse A VOUme Delation wigger Kept (28 PB) ) Protected in prevous cyce

12 Tarpet occupancy .P’o!ec'cc (655 P8)

1.1 4

1.0

09 - ‘

08 - '

07 - | |

06 -

05 - ‘

04 4 ‘

03 A ‘

02 4 ‘

0.1 4

0.0 L &v L >0 ~ 7S .5; e R &R RS POIR S X - &
R E L L LA § § SITE rg,‘e ? &é*iq CFOTOFIFESESES S o f**?g 4 iy

& 5 q- Q‘ $ T oty 3T o TIPS ES
»fo‘{gjf\ éi . & “’E?:i-r*eu‘“% ; QAR ‘?‘V 53 gf@:ﬁf‘ SR A ";ér«é,”r-;%‘é il
FENINTS > 5 ‘?,‘j-g - \1' '0{ v Ny ,Q V. ‘\'.-‘* SRRy _' 25 \"-"kn" 5"3\1\&3\?

Disk space dynamically manageo

according to popularity of data

® More replicas to provide access to more
applications in parallel

Currently: ~10 PB per week
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Xrootd: CMS Any Data, Any Time, Anywhere

» Based on opening a file

through the wide area network

® Example: file is stored at CERN but
the application opens the file at
Fermilab

® Latency is significantly reduced
(almost unnoticeable) through clever
caching and pre-fetching in CMSSW

® \Works transparently if the requested .
15 ot sveanie sl A

= Currently: ~2 PB per week

Poduction

2= Fermilab
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HL-LHC

e Peak Iuminosity —Integrated luminosity

o b m N
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HL-LHC: Naive Extrapolation of current computing model

THSO06 * s

CPU seconds by Type Data on disk by tier
1600 1 mmm Prompt Data Runl & 2
S Non-Prompt Data Ops space
1400 1 WEE LHC MC 2997 e RAW
1200 {1 W Analysis
4000 - AOD
MINIAOD
1000~ B USER
m 3000 -
800 - & I
600 1 2000 -
400 -
1000 -
200 -
1
olom =m B o oom mm B JEE B B H N B - & E E == N
N ®© O O H N M « 1N O ~ ©O O O AR 9 O N AV A A S 0 AN B O L0
= o 0 8 PPN QP A QO LY QLY
§82§§§§§§§§§§2 ,‘9,\9,‘9,19,LQ,LQ,LQH,LQ,@,LQ,LQ,@,LQ,@
2027: 5 Million cores for 1 year 2027:. 5 Exabytes of disk
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What is a Petabyte?

WHAT IS
OPETABYTE?

T0 UNDERSTAND A PETABYTE WE
MUST FIRST UNDERSTAND A

20 MILLION

FOUR-DRAWER FILING CABINETS
FILLED WITH TEXT

GIGABYTE.

1 " 7,MINUTES OF
«aeee MD=TV VIDEO

2 y%bs OF BOOKS.:.

15.5 YEARS

PETABYTE OF HD-TV VIDEO

‘l 5 *"  SIZE OF THE 10 BILLION
PHOTOS I
GIGABYTES PETA.BYTES ON FAC E Bo o K

4 7 == SIZE OF A STANDARD 20 asss THE AMOUNT OF DATA|PER
GIGA;YTES DVD-R mmnm DAY

ssss PROCESSED BY GOOGLE
THERE ARE A MILLION GIGABYTES anmn
N A PETABYTE 20 = TuReD in 1995

PETABYTES muEm
EEEEEEEEERE
THE ENTIRE WRITTEN WORKS
SEENENSESSESE OF MANKIND, FROM THE BEGIN-
SENENEEEEEE NING OF RECORDED HISTORY,
SEEREENEEE N AL LANGUAGES
PETABYTES S EEEEEEEEN i '
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Backup: Data Organization

® real data (collision events) ® only complete lumi sections
® MC events ® necessary for correct book keeping

@ all uniguely named (with random name)

= | umi section

® 23 seconds of data taking » Blocks
® Variable number of events for MC ® group of files
* number is calculated to be able to digitize- ® designed to fit on a tape cartridge to optimize
reconstruct all events in a lumi section in 12-24 tape staging (tape mount overhead and searching
hours on tape is significant)
" Run = Dataset

® Run number from during data taking

| ® Group of blocks
® MC has arbitrary run number

» Every data event is uniquely identifiable
9
e RUN:LUMI:EVENTNR

2= Fermilab
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Backup: Dataset name
/<primary dataset name>/<era>-<processed dataset name>-<version>/<data tier>

® Block: <dataset name>#<uuid (unigque identifier>

= primary dataset name
® Data: Trigger selection (SingleMuon, Multidet, ... )
* [ntention: analyses will only have to access one or a limited number of primary datasets =» reduces amount of computing resources needed for analysis
® Qverlap of 10-15% is included in the planning of computing resources
® MC: generated process (simple explanation, can be more complicated)

" era

® Groups data with similar data taking conditions together
e for example, when the machine parameter change, we change the era (Run2016A-B-C ...)
® MC era corresponds to MC production campaign name

= processed dataset name
® separates different processings of the same data (prompt, re-reconstruction, skims )

= version number
® Distinguish different processing passes or small changes (for example if the data tier content changes although the data taking conditions stay the same)

= data tier name

® Defined groups of persisted objects (event content) from processing steps: RAW, RECO, AOD, MINIAOD, GEN-SIM, GEN-SIM-RECO, AODSIM, MINIAODSIM
® changes in event content need a new CMSSW release
® Individual datasets have only one data tier and event content =» enables processing and analysis execution of same code (CMSSW version + module schedule) per dataset

2= Fermilab
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Backup: The book keeping problem
= Data storage atomic unit: block

* The problem: How do we keep track of blocks at all the CMS sites:

® Every site has their own storage setup and has different file paths (like a mount point in your linux
distribution)
- Site A: /mnt/eos/my-directory/my-root-file
- Site B: /big-storage-system/my-other-directory/my-other-root-file
- This is called the Physical File Name (PFN)
e CMS created its own namespace which is the same at all sites
* maps the file of a dataset into a Logical File Name (LFN)
e /store/data/<era>/<primary dataset name>/<data tier name>/<processed dataset name>-<version>/
<counter>/<filename>
® Every site has a mapping between LFN and PFEN
e SCMS_SITE/SITECONF/local/PhEDEX/storage.xml
e CMSSW and other systems can use these translations automatically
- specitying an LFN in a CMSSW job is sufficient to open a file

® This is the reason why CMS data storage and distribution scales to many sites!

2= Fermilab
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